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Abstract

For simultaneously achieving the high-power factor and low lattice thermal
conductivity of Si-Ge based thermoelectric materials, we employed, in this study,
constructively modifying the electronic structure near the chemical potential and
nano-structuring by low temperature and high-pressure sintering on nano-crystalline
powders. Nickel was doped to create the impurity states near the edge of the valence
band for enhancing the power factor with boron for tuning the carrier concentration. The
nanostructured samples with the nominal composition of Sio.es-xGeo.32Nio.03Bx (x = 0.01,
0.02, 0.03, and 0.04) were synthesized by the mechanical alloying followed
low-temperature and high-pressure sintering process. A large magnitude of Seebeck
coefficient reaching 321 nVK™ together with a small electrical resistivity of 4.49 mQcm,
leads to a large power factor of 2.3 Wm™K™? at 1000 K. With successfully reduced
thermal conductivity down to 1.47 Wm™K™, a large value of ZT ~1.56 was obtained for
Sio.65-xG€0.32Ni0.03Bo.03 at 1000 K.

Keywords: Si-Ge alloy, mechanical alloying, nanoparticles, micro grains,

precipitation, and thermoelectric properties.
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1. Introduction

Thermoelectric devices made of solid-state materials allow us to directly converting
waste heat to useful electricity. Such devices involving no moving components are
capable of working longer time than other devices working with mechanical parts.
Besides, no emission of global warming gases during the generation of electricity makes
thermoelectric devices considered as one of the environmentally friendly technologies
of power generation.

The efficiency of energy conversion in thermoelectric devices is an increasing
function of dimensionless figure of merit (ZT), which is determined from the physical
properties of constituent materials [1]. The expression of ZT in terms of physical

quantities is given by the following equation.

ZT = S%T | (ki+ke) 1)

Here, S, o, k1, and xe are Seebeck coefficient, electrical conductivity, lattice thermal
conductivity, and electron thermal conductivity, respectively. The product of squared
Seebeck coefficient and electrical conductivity, which exist in the numerator of Eq. (1),
is known as power factor (PF = S? ¢) and is often used as another measure of
thermoelectric performance. The materials used in the thermoelectric generator of
high-efficiency in energy conversion should possess a large power factor together with
low thermal conductivity. Besides, it is very challenging to improve Z7 because of above
parameters are interrelated.

However, many strategies have been proposed for enhancing the power factor of

thermoelectric materials. Those are tuning of the carrier concentration, band engineering,



resonant states, convergence of electronic bands, quantum confinement, and energy
filtering effect [2-6]. A decrease in the ‘x)” without degrading the power factor has been
also widely tried to achieve a large ZT through alloying, nanostructuring, and grain
boundary interfaces [7-14].

Aforementioned strategies described above have led to large magnitude of ZT
exceeding unity for the various materials such as PbTe [15], AgPb(m)SbTe(2+m) [16],
BioTes [17], Bi2Tes / ShoTes superlattice [18], Bi-Sb-Te [19]. However, those materials
consist of expensive and /or toxic elements such as Pb, Te, Sb, and these constituent
elements prevented us from making the wide commercial application.

In sharp contrast to those thermoelectric materials, Si-Ge is widely considered a
cheap, non-toxic, thermally stable material, and has potential for various applications
working at high temperatures above 500 °C. Even though the Si-Ge thermoelectric
materials having the slightly smaller Z7 value of 0.9 and 0.5 for the n and p-type materials,
thermoelectric generators consisting of Si-Ge alloys are currently used for a deep-space
mission to stably convert radioisotope heat into electricity [20].

It would be very important to know that, the Si-Ge alloy has the difference in the
mean free path of phonon and electrons about 200-300 nm and ~ 5 nm [21], respectively.
Hence, the nanostructuring approach in the scale range of 10-100 nm has less influence
on electron transport properties but a major contribution to reduce ‘xi’. As a consequence,
many researchers reported higher ZT value, for example, Joshi et al. improved 90% of ZT
(up to 0.95), which is almost double as compared with p-type Si-Ge material currently in
space missions (Z7 = 0.5). Such a drastic improvement in Z7 was mainly attributed to the
scattering of phonon at the nano-grain interfaces [22]. S. Bathula et al. reported the high

ZT of 1.2 at 1173 K was achieved by creating the nano to mesoscale dimension defects in



the p-type Si-Ge [23]. Basu et al. reported an improvement of Z7 to 1.84 at 1073 K in the
n-type Si-Ge nanostructure on the achievement of low thermal conductivity about 0.9
Wm™'K! [24]. Another approach named nanocomposites was developed to improve the
ZT which was proposed by Bergman and Levy in 1991 [25]. N. Mingo et al. discussed the
semiclassical calculation of electron and phonon transport, which suggests the size of
metallic nanoparticles, which are distributed from 3 — 30 nm in the Si-Ge matrix could
minimize the thermal conductivity [26]. In addition, thermoelectric properties of
composite materials, for example, the SiC nanoparticles in the n-type Si-Ge matrix
having the lowest ‘x” of 1.9 WmK™ was observed and leads to high ZT about 1.7 at
1173 K [27]. The YSi2 included in the p-type Si-Ge improved the ZT of 1.81 at 1100 K
which was due to the presence of low ‘xi’ [28].

Here, our strategy for enhancing the Z7 value of thermoelectric materials consists of
two parts: (a) constructively modifying the electronic structure together with tuning
carrier concentration and (b) reducing of ‘x’ by employing nano-structuring. Using this
strategy, recently, we succeeded in developing p-type Si-Ge showing a high ZT of 1.38
and 1.63 at 973 K for the thin film and bulk nano-composites [29-31]. This large value of
ZT = 1.63 rather a low temperature was brought about by a low thermal conductivity of
1.3 Wm'K! and a high power-factor of 2.1 mWm'K? which were caused by the
nano-structuring, the electronic structure modification with a small amount of gold (Au),
and optimization of carrier concentration with boron (B).

More recently, this strategy was also applied for an n-type Si-Ge alloy, in which
nano-structuring with Fe impurity was employed with P-doping to realize the highest ZT
of 1.88 at 873 K [32]. This result suggests that Fe 3d rather than Au 5d would have a

more preferable effect in electronic structure. Therefore, in this study, we tried to



increase the ZT of p-type Si-Ge by employing 3d transition metal elements as the source
of impurity states near the valence band edge in the electronic density of states and

reduce ‘x|’ by nanostructuring.

2. Calculation and Experimental procedures

We calculated the electronic structure of Ge with various transition metal
element substitutions, by using density functional theory based code implemented in the
WIEN2K (Full-potential Linearized Augmented Plane Wave method) program [33].
The Generalized Gradient Approximation in the form of Perdue-Burke-Ernzerhof (PBE)
was used for the exchang correlation function [34]. The k-mesh size in the irreducible
edge of the first Brillouin zone was set to be 8x8x8 for the Self-consistency field (SCF)
and density of states calculations. The energy convergence criteria were fixed to the 107

Ry for total energy/cell.

To obtain the information about impurity states due to transition metal (TM)
elements, we also performed the cluster calculations using a simulation package known
as DVX-¢, in which a linear combination of the atomic orbital method was used with
the Xa potential for electron correlation [35]. The supercell of a size of 2x2x2 (64
atoms) was made by using the conventional Ge unit cell (8 atoms), and one of the Ge
atoms in the supercell is replaced by transition metal elements (Ni, Cu, Au). The partial
density of states results was obtained by atomic clusters calculation consisting of the 71
atoms (GessTM1Hss) centered at the X atom from relaxed structure, a similar way

reported in our previous work on the Al-Mn-Si system [36].



Results from the above mentioned electronic structure calculations suggested
that Ni is one of the most plausible elements for improving PF of Si-Ge thermoelectric

material. The detailed results will be explained later.

The samples possessing nominal composition of Sio.es5-xGeo.32Nio.03Bx (X = 0.01,
0.02, 0.03, and 0.04) were prepared by employing mechanical alloying followed by
low-temperature sintering at 973 K under high pressure of 400 MPa for a rather long
soaking time of 4 h. The high purity Ni (4N) and Ge grains (5N) were melted using the
arc furnace in a pressurized Ar gas atmosphere. Afterward, the Ge-Ni mother ingot was
crushed into powder and sealed with the high purity Si (5N) and boron powder in a
Zirconia container of 40 ml in volume together with Zirconia balls of 6 mm in diameter
under pressurized Ar gas atmosphere in a glove box. The mixed powders were milled by
using the high-energy planetary ball mill (Fritsch-P7) at a rotation speed of 700 rpm for
6 h with a pause time of 10 min for every 1 h milling to avoid the re-welding of powder.

The synthesized powders were collected from the container in the glove box
filled with 1 atm Ar gas to avoid oxidation. The consolidated powders were loaded into
hardened stainless steel with an internal diameter of 10 mm and subsequently sintered
using a spark plasma sintering system (SPS) with high pressure of 400 MPa at 973 K
for 4 h, respectively. The synthesized samples of nominal composition
Sio.65-xGeo.32Nio.03Bx (X = 0.01, 0.02, 0.03, and 0.04) were denoted as x = 0.01, x = 0.02,
x =0.03, and x = 0.04 throughout the manuscript.

The crystalline phases involved in the samples were identified by conventional
powder x-ray diffraction (XRD) with Cu-Ka radiation using a BRUKER D8 Advance.
The microstructure, nanoparticle distribution, and compositions were analyzed by

scanning electron microscope (SEM) using a JEOL JSM-6330F and energy-dispersive



x-ray spectroscopy (EDX) using a JED-2140GS with the accelerating voltage of 20 kV,
respectively. The distribution of the nanocrystalline, defects by lattice distortion, and
nano-size precipitation were confirmed by TEM analysis (JEOL JEM-1400). The
density of the bulk sample was evaluated by using the Archimedes method.

The thermal diffusivity was investigated in the wide temperature range from
300 to 1000 K in argon flow atmosphere by using a laser flash method in LFA457
manufactured by Netzsch. The specific heat capacity was evaluated by a comparative
method using Pyroceram as a standard sample. The specific heat capacity was also
cross-checked by differential scanning calorimetry using RIGAKU DSC 8231 system.
The thermal conductivity (x) was estimated by the product of thermal diffusivity («),
specific heat capacity (Cp), and density (d).

The sound velocity was measured by using an ultrasonic pulse generator
(Olympus). The sound velocity was calculated by using the relationship C = 2| / At
where C, I, and At are the sound velocity, the thickness of a sample, and the time
difference between two waves, respectively.

The carrier concentrations were roughly estimated from the Hall coefficient
determined by using the Physical Properties Measurement System (PPMS) developed
by Quantum Design, Inc. The Hall coefficient (R4) was measured by four probe
configurations with a magnetic field up to 9 T. The carrier concentration was roughly
calculated by using the relation n. = —Ru*|e| ™%, where e represents the unit charge of the
electron.

The electrical resistivity and Seebeck coefficient were measured using a
homemade system with the conventional four-probe technique and steady-state method,

respectively, in the temperature range of 300 to 1000 K under a vacuum atmosphere.



Seebeck coefficient of the standard constantan bar was measured to calibrate the
measurement setup, which is found to stay within 6% deviation from the absolute
measured value (38.65 pVK™ at 300 K). The figure of merit was evaluated from the
measured electrical resistivity, Seebeck coefficient, and thermal conductivity in the
temperature range of 300 to 1000 K.

The photoemission spectroscopy was measured using MBS A-1SYS
hemispherical photoelectron spectrometer and a monochromatized He lamp at room
temperature. The energy resolution was set to about 25 meV. Clean sample surfaces
were obtained in situ by fracturing under the pressure of 4 x 10 Pa. The chemical
potential was estimated by fitting the Fermi-Dirac distribution function of the Fermi

edge in an evaporated gold measured before and after the sample measurements.

3 Results

We calculated the electronic density of states for Ge with various transition
metals substitutions such as Ni, Au, and Cu. Figure 1 shows the partial density of states
(PDOS) of Ge containing one of the selected elements, Ni, Au, and Cu. Among them,
the Ni element produces a sharp peak near the edge of the valence band. It means that a
large Seebeck coefficient might be obtained with metallic electrical conduction. As a
consequence of this rough analysis of the electronic structure of Ge containing a small
amount of transition metal element, we selected Ni as one of the most plausible
elements potentially leading to a significant enhancement in power factor.

The XRD patterns of un-milled and 6 h milled samples were shown in Fig. 2. All
samples were identified as a single phase of the diamond structure with space group

Fd-3m with background having humps around 28° and 50°. The background shape



indicates the presence of an amorphous phase. The average crystallite size was

estimated to be 8 ~ 9 nm for all the samples from the analyses using Scherer’s formula

(Dp)

Dp =(0.944) | (B cos O), (2

where, Dp, 4, f, and O, are the averaged size of crystals, X-ray wavelength, line
broadening, and Bragg angle, respectively.

The crystallization temperature of the amorphous phase was investigated by
DSC analysis as shown in Fig. 3. An exothermic peak was exhibited at 856 K for the
sample x = 0.03, which was lower than that of un-doped Si-Ge alloy at 1015 K [37]. In
this case, lowering the crystallization temperature would be attributed to the Ni
substitution, and this phenomenon is known as metal-induced crystallization [38].
Subsequently, the milled powders were consolidated and sintered at 1000 K with high
pressure of 400 MPa for 4h.

Figure. 4 (a) shows the XRD pattern of sintered samples. The sharpened peaks
indicate that the crystal growth occurred during the sintering process. The estimated
grain size was found to be 26~29 nm. The XRD peaks were found to be shifted towards
lower angles with increasing B concentration x. The peak shift was shown in Fig. 4 (b)
with the (111) peak as a representative, and the corresponding lattice constant was
plotted in Fig. 4 (c). It shows that the lattice constant was increased with increasing B,
which indicated that B was soluted in the diamond structure Si-Ge matrix. This result is
consistent with the previously reported B doped (0.25 — 2.0 at%) Sio.sGeo.2 bulk sample

[39]. The grain size, lattice constant, and unit cell volume were summarized in Table 1.



Very tiny impurity peaks were observed for all the samples at 25. 2° , 26.8° ,
31.3° , 41.8° , and 44.6° , which were ascribed to the peaks from GezNi, GeOg,
GeNiys. The formation of the tiny amount of these impurities was agreed well with the
very tiny solubility limit of Ni in Ge. Unfavorable oxidization was also confirmed by
the presence of GeO2, despite that its amount was very small. The experimentally
determined density, theoretical density, relative density, and crystallite size of sintered
samples were summarized in Table. 2. All the samples were possessed in relative
density of more than 91.5%.

Figure 5 shows the secondary electron SEM images obtained for the polished
surface of the sintered samples. All the samples have distributions of isolated
nanometer-sized particles (< 100 nm), micro-grains (1 ~ 10 um) made up of the
aggregated nano-particles, and the very small amount of Ge:Ni and GeNiis
precipitations. The precipitation of Ge2Ni and GeNiys was indicated by the solid black
arrow line in Fig. 5.

The EDX mapping analysis clearly shows the homogeneous distribution of Si,
Ge, B, and precipitation of Ge-Ni as shown in Fig. 6 (a-d). Table. 3 shows the
quantitative detail of the elemental composition obtained from the electron probe
microanalysis (EPMA). It revealed that the Ge composition was reduced from the
nominal concentration and this reduction was naturally attributed to the precipitation of
Ge2Ni, GeO3, and GeNirs compounds. The oxygen concentration was also detected in
the Si-Ge matrix about 3.13 at.%, 2. 69 at.%, 2.68 at.%, and 4.6 at.% for the samples of
x = 0.01, 0.02, 0.03, and 0.04, respectively. The formation of a tiny amount of SiO;
might occur at the surface of nano-grains probably due to the milling process and short

time exposure of sample powder while loading it into the SPS chamber after the ball



milling step.

The TEM image of the x = 0.03 sample after 6 h milling is shown in Fig. 7 (a).
The Si-Ge nanocrystals with ~8 nm in averaged diameter were observed for the
as-milled sample. The disordered structure in the lattice, which corresponds to the
amorphous phase, was also observable in Fig.7 (a). The disordering was most likely
caused by the high energy impact of balls and powders in the milling container during
high-speed ball milling. Figure 7 (b) shows the TEM images of the sintered sample, in
which the nanocrystalline with size 5 ~ 25 nm and Ge-Ni precipitation were observed.
The distribution of nanocrystalline Si-Ge and Ge-Ni precipitates was highlighted by the
white color solid and dotted line. The obtained grain size was well consistent with the
XRD results.

Noteworthy, the SEM and TEM results indicated that the sizes of the
hierarchical nanoparticles < 100 nm, micro-grain boundaries approximately from 1~ 10
um, and the lattice disorder were fabricated by low-temperature with high-pressure
sintering process and these characteristics should be adequate to scatter the short, mid,

and long-wavelength phonons.

3.4 Thermoelectric properties

Figure 8 (a) shows the temperature dependence of electrical resistivity
measured from 300 to 1000 K. All the samples possess a rather weak temperature
dependence, which is typical behavior of metallic conduction in heavily disordered
materials. The positive temperature coefficient of electrical resistivity (TCR) is
observed for all the samples, and it means that the mean free path of electrons is slightly

shortened with increasing temperature due to the phonon excitations but its variation is



very small because the highly disordered structure made the electrons very close to the
strongest scattering limit known as the loffe-Regel-Mott limit [40] In such a case,
electrical resistivity is determined mainly by the density of states averaged over a few
keT in energy width centered at the chemical potential.

The electronic density of states averaged over a few kgT in energy width
centered at chemical potential is also reflected in the Hall coefficient. In Fig.8 (b) and
(c), the room temperature electrical resistivity and Hall coefficient were plotted as a
function of nominal boron concentration. We also plotted electrical resistivity as a
function of the Hall coefficient in Fig. 8 (d). We confirmed from these plots that the
structure quality of x = 0.04 is worse than other samples most likely due to both the
secondary phases and the oxidation.

The Seebeck coefficient plotted in Fig. 8 (e) shows a positive sign for all the
samples, which indicates that the holes are the majority in carriers, i.e., p-type material.
The Seebeck coefficient monotonically increased with increasing temperature regardless
of B concentrations, and the samples were naturally considered as degenerate
semiconductors. The sample obtained at x = 0.01 exhibits the largest value of Seebeck
coefficient of 372 uVK™ at 937 K. Notably, the Seebeck coefficient was higher than
previously reported p-type Si-Ge+YSiz [28], Si-Ge+SiMo [41], Si-Ge+TiB> [42], and
Si-Ge+CrSiz [43] as shown in Table 6. It possessed a small decrease in magnitude at a
high temperature above 950 K. This decrease would be accounted for with the
electron-hole excitation, which is often explained in terms of the “bi-polar diffusion
effect”.

For the samples of 0.02 < x < 0.04 at high temperatures above 700 K, the

magnitude of the Seebeck coefficient decreased with increasing x, while it possesses



almost the same magnitudes regardless of x at the temperature range below 700 K. This
behavior cannot be explained in terms of a single parabolic band model with varying
carrier concentration, and therefore we need to consider some variations, which was
presumably caused by Ni, in the electronic density of states near the band edge of the
valence band.

The power factor (PF = S? o) was plotted as a function of temperature from
300 to 1000 K in Fig. 8 (f). The power factor increased with increasing temperature.
The largest magnitude of power factor PF = 2.3 Wm™K=2 was observed at 1000 K for
the sample x = 0.03. The magnitude of PF significantly decreased with increasing or
decreasing x from x = 0.03 regardless of temperature.

In Fig. 9 (a), the thermal conductivity was plotted as a function of temperature
in the range from 300 to 1000 K. The decreasing behavior of thermal conductivity with
increasing temperature was observed in all the samples, which was attributed to the
intensified phonon-phonon scattering with increasing temperature. The decreasing ratio
with temperature was rather weak regardless of B concentration. This tendency is safely
attributed to the disordering structure and densely persisting grain boundaries that cause
temperature-independent phonon scattering.

As a consequence, the thermal conductivity was decreased significantly to 1.2
WmiK? at 973 K for x = 0.01. Importantly, obtained thermal conductivity of all
samples at 1000 K was lower than that of previously reported Si-Ge+YSi> [28],
Si-Ge+SiMo [41], Si-Ge+TiB; [42], and Si-Ge+CrSi; [43] samples. With increasing X,
the magnitude of thermal conductivity showed a slightly but finite increase over the
whole temperature range, and this tendency becomes more obvious with increasing x.

Since we already realized that carrier concentration increased with increasing B (values



shown in table.4), this tendency is attributed to the increases in electron thermal
conductivity.

The electron thermal conductivity ‘xe” was roughly estimated by employing
Widemann-Franz law xe = oLoT, where o, Lo, and T represent the electrical conductivity,
Lorentz number (Lo = 2.45 x 10 WQK?), and absolute temperature, respectively. The
‘ke” Was increased with increasing the temperature due to heat carried by the charge
carriers as shown in Fig. 9 (b). Moreover, the carrier concentration dependence of ‘ke’
was also clearly observed for all the samples over the entire temperature range from 300
to 1000 K.

The lattice thermal conductivity ‘x” was also roughly estimated by eliminating
ke from the measured ‘x> as xi = x - ke and results were plotted as a function of
temperature in Fig. 9 (c). It reveals that the low lattice thermal conductivity ‘xi’ was
nearly constant for about 1 Wm2K™ for x = 0.02 and x = 0.03. This mainly comes from
the scattering of a wide range of phonons by the variable scattering centers such as nano
to micro grain boundaries, defects in the lattices, and tiny precipitation. Whereas, for x
= 0.02 and x = 0.04, the estimated ‘x> was increased up to 1.2 WmK? at high
temperature. We consider that this increase was not attributed to that of ‘xi’ but of ‘Kel’
in association with the bipolar effect, because the bipolar effect is generally enhanced in
high temperatures and not involved in the Widemann-Franz law. Since the bandgap in
Si-Ge alloys tends to decrease with Ge concentration, the evolution of the bipolar effect
would be brought about by the tiny decrease of Si composition.

Figure. 9 (d) show the dimensionless figure of merit ZT as a function of
temperature in the range from 300 to 1000 K. The magnitude of ZT increased with

increasing temperature regardless of B concentrations. It possessed strong B



concentration dependence with showing the maximum value of ZT = 1.56 at x = 0.03,
1000 K. The sample obtained at x = 0.02 possessed slightly smaller magnitude of ZT
than that in x = 0.03, but the value of ZT both of x = 0.01 and 0.04 became less than half
of the values observed for x = 0.03. The largest ZT of x = 0.03 was brought about by a
large power factor of 2.3 mWm™K™? together with low thermal conductivity of 1.47
Wm?K? at 1000 K. It would be worth noting that the obtained ZT of sample x = 0.03
was higher than that of previously reported Si-Ge+SiMo [41], Si-Ge+TiB: [42], and
Si-Ge+CrSiz [43]. It was lower than that of Si-Ge +YSiz [28] because of higher
electrical resistivity of 4.49 mQcm as compared to Si-Ge+Y Si; resistivity of about 2.1

m Qcm at 1000 K.

4. Discussion

To discuss the role of B on the transport properties behavior at high
temperature in more detail, all the TE property data are plotted at 873 K as a function of
nominal boron concentration.

Figure 10 (a) shows the electrical resistivity as a function of nominal boron
concentration at 873 K. The electrical resistivity decreased with increasing the boron
concentration, which was attributed to increasing the carrier concentration. Whereas, the
resistivity was increased for the sample x = 0.04, although it consists of a high value in
the roughly estimated carrier concentration 7.2 x 10'° cm. The unusual increase in
electrical resistivity at x = 0.04 would be accounted for with the slightly larger oxygen
concentration and /or the presence of precipitated impurity phases. Noteworthy,

Schierning et al. investigated the influence of oxygen on microstructure and



thermoelectric properties of Si nanocomposites [44]. Miura et al., synthesized Si
nanocrystalline by gas-phase method and exposed it to air for several hours [45]. In both
cases, the electrical resistivity of the bulk sample is increasing with exposure time due
to the formation of a SiO, layer on Si nanoparticles. Therefore, reduction of oxygen
concentration would be the next target to increases in ZT of nano-structured Si-Ge
containing Ni and B.

The Seebeck coefficient of sample x = 0.02, x = 0.03, and x = 0.04 possessed
almost constant value regardless of x over a wide temperature range from 300 to 700 K
as highlighted in Fig. 10 (b). This behavior cannot be accounted for with the single
parabolic band model and can be one of the weak evidence of Ni-induced electronic
structure modification near the band edge. The linear decrease of the Seebeck
coefficient with increasing x, on the other hand, was observed at 873 K as shown in Fig
10 (c). This would be related to the “bipolar effect” as that also became obvious in the
thermal conductivity at high temperatures. Figure10 (d) shows the highest power factor
value of about 2 mMWm™K2 was observed for x = 0.03 at 873 K.

To investigate impurity states near the valence band edge, photoemission
spectroscopy was employed at 300 K using He Il in the high vacuum condition 10”7 Pa.
Figure 11 shows the valence electron spectrum of all samples measured at an excitation
energy of 40 eV. It shows that there was no significant evidence of impurity state near
the valence band edge although PDOS calculation showed a sharp peak. Since the
amount of Ni was only 3 at.%, and therefore we considered that the impurity states
would be too small to be recognized.

For more reasonable analysis, we investigated the transport properties of the

bulk Sio.s2Geo.35Bo03 and compared them with the results of Sigs2Geo.32Bo.03Nio.03 t0



study the effect of Ni substitution on the transport properties. Figure 12 (a) shows that
electrical resistivity as a function of temperature in the range from 300 to 1000 K. It
depicts that the electrical resistivity of the Sioe2Geo.3sBooz sample showed rather
significant negative TCR most likely due to hopping conduction occurred by the
localized carriers in the disordered sample while Sio.s2Geo.32B0.03Nio.03 Shows the weak
positive TCR due to the delocalized carriers under the nearly strongest scattering limit
in the disordered sample. Moreover, the electrical resistivity of Sio.s2Geo.32Bo.0sNio.03 was
lower than that of the sample Sios2Geo.3sBo.os over the entire temperature range from
300 to 1000 K. These experimental facts indicate that substitution of Ni also increasing
the carrier concentration.

The Seebeck coefficient of sample Sio.s2Geo.32Bo.03Nio.03 was lower than that of
Sios2Geo3sBoos over the entire temperature range due to low electrical resistivity
influenced by co-doped Ni and B. The Seebeck coefficient decreased at 910 K because
bipolar diffusion occurred for the sample Sio.s2Geo3sBo.os as compared with sample
Sio.62Ge0.32B0.03Nio.03 as shown in Fig. 12 (b). Hence, co-doped Ni and B help to
decrease the electrical resistivity rather than increasing the Seebeck coefficient. The
suppression of the Seebeck coefficient might be associated with the neither absence of
impurity states near the valence band nor higher carrier concentration. However, the
maximum power factor was obtained for Sios2Geo.32Bo.03Nioos than that of sample
Sioe2GeossBoos due to low electrical resistivity together with moderate Seebeck
coefficient as shown in Fig. 12 (c).

In general, most of the heat carried by the lattice thermal conductivity ‘x’ and
acoustic phonon is mainly contributed for the ‘xi’. The average mean free path (MFP) of

phonon was roughly estimated by using the relation | = Vgr, where, |, Vg, and 1



represent phonon mean free path, sound velocity, and relaxation time, respectively. We
assume that the relaxation time of all samples (t) about 0.88 x 1072 s, which was
theoretically predicted for the disorder Sio.sGeo2 [46]. The average sound velocity of
longitudinal, transverse, and MFP was estimated at 300 K and is summarized in table 5.
Figure 13 shows the average MFP as a function of nominal boron concentration. It
shows that the average MFP of all samples was closely matched with the theoretically
reported value of 4.1 nm [45].

Hence, low lattice thermal conductivity ‘x> about ~1 Wm™K* was observed for x =
0.01, 0.02, and 0.03 at 873 K as shown in Fig. 14 (a). It implies that the sample
possessed sufficient scattering centers such as nanoparticles, micro grain boundaries,
defects in the lattice, and tiny precipitation to scatter the various wavelength of phonons.
Besides, lattice thermal conductivity ‘x’ was lower than the previously reported
Si-Ge+YSi2 [28], Si-Ge+SiMo [41], Si-Ge+TiB> [42], and Si-Ge+CrSi> nanocomposites
[43] as shown in Fig. 14 (b). The scattering process of various wavelengths of phonons
is schematically illustrated in Fig. 14 (c).

Figure. 15 (a) shows the maximum ZT value of 1.56 was achieved for the
sample x = 0.03 due to the large power factor 2.3 mWm™K? together with low thermal
conductivity of 1.47 WmK™ at 1000 K, respectively. The maximum ZT of sample x =
0.03 was higher than the other sample and previously reported Si-Ge+SiMo [41],
Si-Ge+TiB; [42], and Si-Ge+CrSi2 nanocomposites [43] as shown in Fig. 13 (b). As
discussed above, oxygen influences higher electrical resistivity. Thus, the key factor to

further increase ZT is reducing the oxygen in the sample.



5. Conclusions

The nanostructured samples were synthesized by mechanical alloying, and
low-temperature with a high-pressure sintering process at the composition of
Sio.e5-xGeo.32Nioo3Bx (x = 0.01, 0.02, 0.03, and 0.04). The low lattice thermal
conductivity ‘ki’ of 0.91 Wm?K? was achieved for the sample x = 0.03 due to
scattering of various wavelength phonons at the grain boundaries size in the range of 5
nm — 10 um, tiny Ge-Ni precipitation, and dislocation in the lattice. The impurity state
in association with Ni presumably contributed to the increase of the Seebeck coefficient
and decrease of electrical resistivity. Thus, a larger power factor together with low
thermal conductivity 1.47 Wm™K allowed to reach a high ZT of 1.56 at 1000 K in the
optimized composition Sig.62Geo.32Nio.03Bo.03.
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Fig. 2 XRD patterns of sample x = 0.01, x = 0.02, x = 0.03, and x = 0.04 after 6 h
milling at 700 rpm.
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Fig. 3 Thermal stability analysis of 6 h milled sample x = 0.03 by DSC analysis
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Fig. 4 () XRD pattern of sample x = 0.01, x = 0.02, x = 0.03, and x = 0.04 after
sintering, (b) enlarged XRD pattern, and (c) lattice constant



Fig. 5 surface morphology of sintered sample x = 0.01, x = 0.02, x = 0.03, and
x =0.04.



Fig.6a

x=0.02

Fig.6Db



Fig.6¢

Fig.6d

Fig. 6 (a-d) composition mapping analysis of the sample x = 0.01 (¢) x = 0.02,
(d) x=0.03, and (e) x = 0.04.
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Fig. 7b

Fig. 7 TEM image of sample x = 0.03 (a) after 6 h milled, and (b) crushed sintered
sample. The solid and dotted line indicated the Si-Ge nano crystalline and precipitation
of Ge-Ni compound. Furthermore, the lattice disorder was also observed for the both
6 h milled and sintered sample.
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power factor from 300 — 1000 K.
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Fig. 12 Thermoelectric properties of the Sio.s2Geo.35Bo.03, and Sio.c2Geo.32Nio.03Bo.03 bulk
sample as a function of temperature from 300 K — 1000 K (a) Electrical resistivity (b)
Seebeck coefficient (c) Power factor.
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Fig. 15 Dimensionless figure of the sample x = 0.01, x = 0.02, x = 0.03, and x = 0.04.
as a function of nominal boron concentration (a) 873 K, and 1000 K (b) previously
reported Si-Ge nanocomposites as compared with this work at 1000 K.

Table 1: The lattice constant and unit cell volume of the sample Sio.65-xG€0.32Nio.03Bx (X = 0.01,



0.02, 0.03, and 0.04)

sample Lattice constant (A) Unit cell volume (A3)
x=0.01 5.494 165.83
x=0.02 5.499 166.28
x=0.03 5.500 166.37
x=0.04 5.503 166.34

Table 2: Experimental density compared with theoretical density of samples
Sio.65-xGe0.32Nio.03Bx (x = 0.01, 0.02, 0.03, and 0.04) and crystallite size were calculated
from XRD results using Scherr.

Sample name | Experimental Theoretical Relative Crystallite size
density density (g/cm?) density (%) (nm)
(g/cm?)
x=0.01 3.148 3.439 91.5 26
x=0.02 3.259 3.425 95.1 27
x=0.03 3.284 3.412 96.2 29
x=0.04 3.211 3.398 94.5 27

Table 3: The composition analysis by electron proble micro analyzer (EPMA) for the




samples Sio.e5-xGeo.32Nio.03Bx (x = 0.01, 0.02, 0.03, and 0.04) and Sio.62Geo.35B0.03.

Samples Si (at.%) Ge (at.%) Ni (at.%) B (at.%) O (at.%)

x=0.01 64.6 31.23 0.27 0.68 3.13

x =0.02 66.53 28.93 0.30 15 2.69

x =0.03 65.80 29.22 0.15 2.13 2.6

x =0.04 61.9 29.8 0.26 3.2 4.6
Sio0.62G€0.35B0.03 62.7 30.4 0 1.98 47

Table 4: The carrier concentrations and mobility at 300 K

Samples Carrier concentration (x | Mobility (cm2/V.s)
10 19cm™)

x=0.01 3.49 11.9

x =0.02 5.63 21.6

x=0.03 6.63 23

x=0.04 7.2 18.7




Table 5: The sound velocity of longitudinal, transverse, and average mean free path of
phonon for the sample Sig.e5-xGeo32Nio.03Bx (X = 0.01, 0.02, 0.03, and 0.04)

Sample name Sound velocity of Sound velocity of Average mean free
longitudinal wave transverse wave path of phonon
(m/s) (m/s) (nm)
x=0.01 6025 3692 3.9
x=0.02 6800 3877 4.26
x=0.03 7163 4052 4.47
x=0.04 6389 3749 4.06
Sio.sGeo.2 - - 4.1 Ref. [46]

Table 6: The maximum Seebeck coefficient of Sio.es.xGeo.32Nio.03Bx (x = 0.01, 0.02, 0.03,
and 0.04) and previously reported p-type Si-Ge nanocomposites

Sample name Seebeck coefficient Temperature (K) References
(LVK™)

x=0.01 372 937 This work
x=0.02 348 980 This work
x=0.03 321 1000 This work
x=0.04 300 985 This work
SiGe+YSi 315 1100 Ref. [28]
SiGe+Mo 180 1000 Ref. [41]
SiGe+TiB> 350 1100 Ref. [42]
SiGe+CrSiy 300 1000 Ref. [43]




